ADDITIONAL INDEX WORDS. Blosyrus asellus, Cylas formicarius elegantulus, Ipomoea batatas var. batatas, rough sweetpotato weevil, tissue culture SUMMARY. Tissue-cultured, virus-tested (TC) plantlets of sweetpotato (Ipomoea batatas var. batatas) cultivars Okinawan, LA 08-21p, and Murasaki-29 were obtained from Louisiana State University Agricultural Center. The objectives of field trials conducted at the Kula Agricultural Park, Maui, HI, were to compare yield and pest resistance of 1) 'Okinawan' obtained from a commercial (C) field with TC 'Okinawan' and 2) TC Okinawan with the aforementioned TC cultivars. Trials were planted Oct. 2015 and Aug. 2016 and harvested 5 months later. Storage roots were graded according to State of Hawai'i standards, and marketable yields included Grades AA, A, and B. In addition, injuries due to sweetpotato weevil (Cylas formicarius elegantulus) or rough sweetpotato weevil (Blosyrus asellus) were estimated. In both trials, fresh and dry weights of marketable storage roots of TC 'Okinawan' were nearly twice those from commercial planting material. In both trials, marketable fresh weights differed among the three TC cultivars; however, significant interactions were found, indicating that yields of cultivars differed between years. In the first field trial, 'LA 08-21p' had fresh marketable yields 1.6 to 1.7 times greater than TC 'Okinawan' and Murasaki-29, respectively. In the second trial, fresh marketable yields of TC 'Okinawan' and 'LA 08-21p'were similar and 1.7 to 1.5 times greater than that of 'Murasaki-29', respectively. In both trials, 'LA 08-21p' had greater sweetpotato weevil injury than did the other two cultivars. Interestingly, in the second year, TC 'Okinawan' had greater rough sweetpotato weevil injury than did the other cultivars. Our results indicate that tissue-cultured planting materials increased marketable yields of TC 'Okinawan' compared with C 'Okinawan' sweetpotato and that the other TC cultivars did not produce greater yields than TC Okinawan.
S
weetpotato production has increased dramatically in the state of Hawai'i from a farm gate value of $0.99 million in 2002 to $7.3 million in 2011 (Hawaii Department of Agriculture, 2013) . The primary reason for the increased production was due to approval of a quarantine treatment to control insect pests, allowing export of sweetpotatoes out of the state. In 2011, sweetpotatoes were grown on 1100 acres with an average yield of 15,200 lb/acre. Most sweetpotato production is on the island of Hawai'i where the purple-fleshed cultivar Okinawan is grown and exported to the United States mainland.
There is an increased demand for sweetpotatoes by consumers in the United States, due to greater awareness of its healthful benefits (Wang et al., 2016) . Purple-fleshed cultivars are rich in anthocyanins, which are popular dietary antioxidants (Teow et al., 2007) . Cooked, purple-fleshed sweetpotatoes contain anthocyanins at 21.7 mg/100 g fresh weight and rank fourth in total anthocyanin levels among 20 fruit and vegetables consumed in Hawai'i (Franke et al., 2004) . Antioxidants are thought to reduce the harmful effects of oxidative stress and to prevent development of chronic diseases (e.g., heart disease or cancer).
Sweetpotatoes are grown vegetatively from one cropping cycle to the next, and cultivar decline over time (reduced yields and quality) has been observed. For example, 'Centennial' has been grown since 1958 at the Sweet potato Research Station in Chase, LA, and its yield has decreased by 46% during a 35-year period (Villordon and LaBonte, 1995) . This decline is thought to be due to an accumulation of viruses, other pathogens, and deleterious mutations (Clark et al., 2002) .
In Hawai'i and elsewhere in the tropics, farmers obtain cuttings from extant plantings, and their ''seed'' stock has not been subjected to virus testing or any form of visual screening to eliminate off-types. This lack of virus-tested ''seed'' stock could lead to extreme off-grade shapes and sizes and inconsistencies in flesh color. Little is known about sweetpotato viruses present in Hawai'i. During 2013-14, 192 sweetpotato samples were collected on the islands of Kauai, Oahu, Molokai, Maui, and Hawai'i, and evaluations for 27 known sweetpotato viruses were made using polymerase chain reaction (PCR)-based detection assays. None of the targeted viruses were detected during this survey, either due to their absence in these samples or limitations of the detection assays employed (Melzer, 2014) .
Another threat to the sustainability of sweetpotato production in Hawai'i is reduced root quality because of insect pests. The two major insect pests of sweetpotato in Hawai'i are the sweetpotato weevil (Follett, 2006) and the rough sweetpotato weevil (Heu et al., 2014 multiplying within the storage root, resulting in inedible roots (Nottingham and Kays, 2002) . The rough sweetpotato weevil is a new, invasive pest in Hawai'i, first detected on the island of Oahu in 2008, with subsequent detection on the island of Hawai'i in 2014 (Heu et al., 2014) . This insect pest has not been found yet in the mainland United States. Grubs of rough sweetpotato weevil feed on storage root surfaces, severely damaging their appearances and reducing marketability. The objectives of the field trials conducted at the Kula Agricultural Park on the island of Maui were to compare yield and pest resistance of 1) 'Okinawan' obtained from a C field with TC 'Okinawan' and 2) TC sweetpotato cultivars Okinawan, LA 08-21p, and Murasaki-29.
Materials and methods
PLANTING MATERIALS. TC sweetpotato cultivars were obtained from the Louisiana State University Agricultural Center (LSU AgCenter): TC Okinawan, LA 08-21p, and Murasaki-29. LSU AgCenter received the TC 'Okinawan' from a commercial nursery on the U.S. mainland, and it tested free of viruses without the need for therapy. C 'Okinawan' was obtained from a farmer's field in Pepeekeo, HI. Both TC and C 'Okinawan' were similar in morphological and agronomic traits (e.g., shape of leaves and appearance and taste of storage roots).
The LSU AgCenter sweetpotato cultivar LA 08-21p is an advanced line with total yield at 80% of commercial cultivar Beauregard in multiple replicated yield trials. It is resistant to southern root-knot nematode (Meloidogyne incognita) and is susceptible to intermediate resistance to soil rot caused by Streptomyces ipomoeae. In addition, it has resistances to java black rot (Diplodia gossypina), bacterial root rot (Erwinia chrysanthemi), fusarium root rot (Fusarium solani), rhizopus soft rot (Rhizopus sp.), and fusarium wilt (Fusarium oxysporum f.sp. batatas). This line has purple flesh, red skin, and a creamy texture and mild starchy flavor when baked.
'Murasaki-29' is another promising sweetpotato cultivar (LaBonte et al., 2008 ) that has white flesh, a dark purple skin, and broad-spectrum disease resistance, as well as resistance to the southern root-knot nematode. Neither cultivar has been grown and evaluated previously in Hawai'i.
TC KULA AGRICULTURAL PARK. Two sweetpotato trials were conducted at the Kula Agricultural Park on the island of Maui. The soil series at the Kula Agricultural Park is a Keahua silty clay loam (fine, kaolinitic, isohyperthermic, ustic haplocambid).
Before each planting date, eight soil subsamples were taken between 6 and 10 inches depth from each plot, composited, and a representative soil sample sent to the University of Hawai'i's Agricultural Diagnostic Service Center for analysis of pH, phosphorus (P), potassium (K), calcium (Ca), and magnesium (Mg). Soil pH was measured using the saturated paste method; P was extracted using the modified Truog method; and soil cations (K, Ca, and Mg) were extracted with ammonium acetate (1 M, pH 7.0) (Hue et al., 2000) . Nutrients were determined using inductively coupled plasma emission spectroscopy (Optima 7000DV spectrometer; PerkinElmer, Waltham, MA). Results were used to determine liming and fertilizer applications.
Results of soil analyses are as follows (before trials 1 and 2, respectively): 5.9 and 6.1 pH, 462 and 726 ppm P, 884 and 980 ppm K, 1790 and 2581 ppm Ca, and 334 and 481 ppm Mg. Soil from the Kula Agricultural Park is a volcanic ash soil and categorized as a light soil. Soil pH was considered to be sufficient; extractable P was considered to be very high; extractable K was considered to be high; and extractable Ca and Mg were considered to be low (Yost and Uchida, 2000) . Mention of a trademark, proprietary product, or vendor does not constitute a guarantee or warranty of the product by the University of Hawai'i or Louisiana State University and does not imply its approval to the exclusion of other products or vendors that also might be suitable.
viruses. To reduce the spread of viruses by insect vectors, cover crops were planted in a 5-ft row between the TC plots and C 'Okinawan' plots. Cover crops consisted of two rows of 'Sordan 79' sorghum-sudangrass (Sorghum bicolor nothosp. drummondii) that were planted 1 ft apart. Also, one row of 'Orangeade' marigold (Tagetes erecta) was planted next to the sorghumsudangrass at a spacing of 1 ft apart to retard movement of nematodes and other soil-borne pests between TC plots and C 'Okinawan' plots.
Sweetpotatoes were irrigated daily at 1 gal/plant per day, using drip irrigation lines with holes spaced 1 ft apart [0.9 gal/h (XFD0912500-XF; Rainbird Corp., Tucson, AZ)]. Soluble fertilizer was applied through the drip irrigation system (further details are provided later under each trial). Irrigation was stopped %1 week before harvest.
Storage roots were harvested after %5 months of growth. Storage roots of sweetpotatoes were graded according to the Hawaii Department of Agriculture (1974) standards (AA, A, B, and off-grades). Grade AA storage roots had diameters between 1.75 and 3.25 inches, lengths between 3 and 9 inches, and fresh weights not more than 16 oz. Grade A storage roots had diameters between 1.75 and 3.75 inches, lengths between 3 and 10 inches, and fresh weights not more than 24 oz. Grade B storage roots had diameters not less than 1.75 inches and fresh weights not more than 32 oz. Off-grade storage roots had diameters less than 1.75 inches or fresh weights more than 32 oz. Then, roots were placed into subcategories based on no injury, or injuries due to sweetpotato weevil, rough sweetpotato weevil, mechanical, or other (including nematodes, birds, etc.). Fresh weights were determined. In each treatment, two representative storage roots from each grade were cut into slices, fresh weights taken, dried at 60°C to constant weight, and reweighed. STATISTICAL ANALYSIS. Data were separated into two files: 1) TC 'Okinawan' vs. C 'Okinawan' and 2) comparison of three TC cultivars. Analyses of variance were conducted using PROC MIXED (SAS version 9.4; SAS Institute, Cary, NC). Means of fresh weights by category of cultivars within a cropping season were compared using a pairwise t test of least-square means with a Bonferroni comparisons correction (Dunn, 1961) .
VIRUS INDEXING. Grafting of sweetpotato vines onto brazilian morningglory [BMG (Ipomoea setosa)] seedlings is a commonly used method to multiply viruses to detectable levels and/ or observable, recognizable symptoms (Clark et al., 2013) . Sweetpotato cuttings were planted in pots in the nursery following the last field harvest. On 24 Apr. 2017, five vines from each treatment and cultivar were wedgegrafted onto BMG seedlings and grown for %2 months. Leaves from BMG for each treatment were sampled on 27 June 2017 and sent for virus indexing.
Total nucleic acids (TNAs) were extracted from grafted BMG following the method of Li et al. (2008) . TNA from ungrafted BMG seedlings served as a negative control for virus indexing. Plant TNAs were tested by reverse transcriptase (RT) PCR for potyviruses using the universal potyvirus primers CI-F and CI-R (Ha et al., 2008) and the multiplex assay targeting Sweet potato feathery mottle virus (SPFMV), Sweet potato virus C (SPVC), Sweet potato virus G (SPVG), and Sweet potato virus 2 (SPV2) developed by Li et al. (2012) . Assays were performed using SuperScript III One-Step RT-PCR with Platinum Taq DNA Polymerase (Thermo Fisher Scientific, Waltham, MA). Primers PNad5f (5#-GATGCTTCTTGGG-GCTTCTTKT-3#) and PNad5mr (5#-ATCTCCAGTCACCAACATTR-GCATAA-3#) targeting the nicotinamide adenine dinucleotide dehydrogenase subunit 5 served as an internal positive control for the assays. In addition, BMG tissue was tested for the presence of potyviruses using a universal potyvirus lateral flow assay (Agdia, Elkhart, IN).
Plant TNAs were tested by PCR for geminiviruses using primers SPG1 and SPG2 (Li et al. 2004 ) using GoTaq Ò Green Master Mix (2X) (Promega, Madison, WI). Primers MDH-H968 and MDH-C1163 (Li et al., 2004) served as an internal positive control for the assay. The positive control both for the potyvirus and geminivirus assays was sweetpotato tissue infected with SPFMV, SPVC, SPVG, SPV2, Sweet potato leaf curl virus (SPLCV), and Sweet potato symptomless virus 1.
Results TC PLANTING MATERIALS. TC 'Okinawan' sweetpotato had greater fresh weight yields in categories AA (P = 0.01), A (P = 0.03), B (P = 0.02), marketable [sum of categories AA, A, and B (P = 0.01)], off-grade (P = 0.02), and total [sum of marketable and off-grade (P = 0.008)] compared with those from commercial planting materials (Fig. 1 ). No differences due to cropping season were found. Similar results were found for dry weight yields with the exception of an interaction found between planting materials and year for storage roots in AA category (Table 1) . Marketable fresh and dry weight yields of TC 'Okinawan' were almost twice those of C 'Okinawan'. CULTIVAR COMPARISON. Marketable fresh weight yields of cultivars when averaged across both years differed (P = 0.024); however, there was a significant cultivar by year interaction [P = 0.007 (Fig. 2) ]. For example, in 2015, 'LA 08-21p' had the highest fresh weight marketable yield compared with the other two cultivars, whereas in 2016, fresh weight marketable yield of 'LA 08-21p' did not differ from the other two cultivars. Similar interaction effects between cultivar and year were found for marketable dry weight yield (Table 2).
Significant differences were found between years for off-grade fresh weight yields averaged across cultivars [P = 0.014 ( Fig. 2)] ; there was no significant interaction found between cultivar and year (P = 0.051). In the year 2015 (cropping season 2015-16), off-grade fresh weight yield was 11,582 kgÁha -1 compared with 5671 kgÁha -1 in the year 2016 (cropping season 2016-17). Similar results were found for off-grade dry weight yields (Table 2 ). In the year 2015, growth of storage roots was greater, resulting in too-large storage roots that exceeded the maximum weight and dimensions of marketable roots. Cultivars differed in fresh weight of off-grade storage roots when averaged across 2 years (P = 0.035), with 'LA 08-21p' having the greatest fresh weight and 'Murasaki-29' having the lowest fresh weight (Fig. 2) . Cultivars differed for dry weight of off-grade storage roots when averaged across 2 years, with 'Murasaki-29' having the lowest dry weight (Table 2) .
Cultivars differed in total fresh weight yield of storage roots averaged across both years (P = 0.005); however, a significant interaction was found between year and cultivar [P = 0.02 (Fig. 2) ], indicating that total yields of cultivars differed between years. For example, 'LA 08-21p' had the greatest total fresh weight yields in the year 2015; however, it did not differ from TC 'Okinawan' in the year 2016. Total dry weight yield of storage roots averaged across both years differed among cultivars; no significant interaction was found between year and cultivar (Table 2) . 'Murasaki-29' had the lowest total dry weight yield compared with the other two cultivars.
Cultivars differed in incidence of sweetpotato weevil injury in marketable storage roots averaged across both years; no significant interaction was found between year and cultivar (Table 2) . 'LA 08-21p' had the greatest injury due to sweetpotato weevil compared with the other two cultivars.
Cultivars also differed in incidence of rough sweetpotato weevil injury in marketable storage roots averaged across both years; however, an interaction was found between cultivar and year (Table 2 ). Little injury due to rough sweetpotato weevil was found in all cultivars during the year 2015, whereas in the year 2016, TC 'Okinawan' had dramatically greater injury due to rough sweetpotato weevil relative to the other two cultivars.
VIRUS INDEXING. RT-PCR and serological indexing for potyviruses and PCR indexing for geminiviruses were negative for the targeted viruses. The methodology appeared to be sound, because virus-infected sweetpotato tissue used as positive controls for the assays produced amplification products of the expected size for both primers targeting virus sequences and the internal control target genes. Discussion TC PLANTING MATERIALS. Marketable fresh and dry weight yields of TC 'Okinawan' sweetpotatoes were almost twice those of C 'Okinawan.' Initially, it was hypothesized that C 'Okinawan' planting materials contained viruses; however, no evidence of viruses were found using RT-PCR or PCR indexing. It is possible that viruses were present in C 'Okinawan' planting materials, although at too low a concentration to be detected using these methods, and that these viruses reduced yields. It is well known that viruses (e.g., SPFMV, SPLCV, and combinations of viruses SPFMV and SPVG, or SPFMV, SPVG, and SPV2), reduce marketable yields of sweetpotatoes in the mainland United States by 10% to 80%, depending on the cultivar and/or environment (Bryan et al., 2003; Carroll et al., 2004; Clark and Hoy, 2006; Ling et al., 2010) .
Another possibility is that uncharacterized systemic pathogens exist, since sweetpotato is host to more than 30 known virus species (Clark et al., 2012) . Advanced diagnostic technologies such as highthroughput sequencing (Gu et al., 2014; Kreuze et al., 2009 ) may be used in the future to determine whether undetected pathogens exist in Hawaiian sweetpotato, resulting in reduced yields observed in this study.
Alternatively, it is possible that the individual plant of 'Okinawan' sweetpotato placed into tissue-culture was a high-yielding, superior line compared with commercial planting materials found in Hawai'i. In previous research, differences within a sweetpotato cultivar (i.e., Jewel) were found using randomly amplified polymorphic DNA markers, probably as a result of mutations during vegetative propagation from adventitious roots (Villordon and LaBonte, 1995) . Although both 'Okinawan' lines appeared identical based on morphological and agronomic traits, it is possible that genetic differences existed between the two lines.
There is a need to determine which viruses (if any) are present in Hawai'i before a TC ''seed'' program is pursued. Although previous efforts to detect viruses in Hawaiian sweetpotato were unsuccessful (Melzer, 2014) , more recent efforts using improved detection assays indicate some potyviruses may infect Hawai'i's sweetpotato (A. de Silva and M.J. Melzer, unpublished data).
C O M P A R I S O N O F T I S S U E -CULTURED CULTIVARS. 'LA 08-21p' had the greatest marketable fresh weight yield of 20,297 kgÁha -1 in the year 2015; however, TC 'Okinawan' had the greatest marketable fresh weight yield of 16,408 kgÁha -1 in the year 2016 (Fig. 2) . Environmental conditions (e.g., winter season vs. fall season), build-up of pest populations during second cropping cycle, and/or management practices (e.g., fertilization practices, pesticide applications) obviously affected growth and yield of cultivars between the 2 years. These marketable yields are similar to the average yield of 20,500 kgÁha -1 reported for sweetpotato during 2004 to 2008 in the United States (Ling et al., 2010) .
Although 'LA 08-21p' has the potential for greater fresh weight yield of storage roots, it was also more vulnerable to sweetpotato weevil, with damage of 24% among marketable storage roots averaged across 2 years (Table 2 ). This injury due to sweetpotato weevil was greater on 'LA 08-21p' than TC 'Okinawan' or 'Murasaki-29', both of which appear to have some resistance to this insect pest. According to Jackson and Harrison (2013) , 'Murasaki-29' appeared to be especially resistant to sweetpotato weevil at Charleston, SC, under relatively low insect pressure.
It is hypothesized that the greater susceptibility of 'LA 08-21p' to sweetpotato weevil is due to its growth habit of forming tight clusters of storage roots close to the Fig. 1 . Fresh weight yield of storage roots of 'Okinawan' sweetpotato grown from tissue-cultured, virus-tested (TC) planting materials and those grown from commercial cuttings (COMM) averaged across two cropping seasons. Marketable fresh weight yields are the sum of categories AA, A, and B (Hawaii Department of Agriculture, 1974) . Total yields are the sum of fresh weight yields of marketable and off-grade. Grade AA storage roots had diameters between 1.75 and 3.25 inches, lengths between 3 and 9 inches, and fresh weights not more than 16 oz. Grade A storage roots had diameters between 1.75 and 3.75 inches, lengths between 3 and 10 inches, and fresh weights not more than 24 oz. Grade B storage roots had diameters not less than 1.75 inches, and fresh weights not more than 32 oz. Off-grade storage roots had diameters less than 1.75 inches, or fresh weights more than 32 oz. Error bars are SE. 1 inch = 2.54 cm, 1 oz = 28.3495 g, 1 kgÁha L1 = 0.8922 lb/acre. soil surface (Fig. 3) . According to Hahn and Leuschner (1982) , sweetpotato weevils cannot mine through soil to reach storage roots deep underground, and they normally attack only the upper parts of storage roots exposed by soil cracking. Similarly, Stathers et al. (2003) found a negative correlation between resistance of cultivars to african sweetpotato weevil (Cylas puncticollis) and the distance from the soil surface to the top of the storage root at Serere, Tanzania.
Before 2015, sweetpotatoes had not been planted at the Kula Agricultural Park for many years, and low damage due to rough sweetpotato weevil was observed during that first planting. It is important to note that no pesticides were applied during the year 2015, whereas in the year 2016, various pesticides were applied against major pests. Injury from rough sweetpotato weevil was relatively low in all three cultivars during the first growing season, but the injury was considerably higher (37%) during the year 2016 in TC 'Okinawan', despite the application of pesticides (Table 2 ). It is likely that the population of rough sweetpotato weevils built up and increased injury of TC 'Okinawan'. 'LA 08-21p' was not particularly susceptible to rough sweetpotato weevil during the second season despite the formation of roots close to the surface and 'Murasaki-29' in general fared well against both weevils. The differences in defense mechanism among these cultivars against these weevils will require further investigation.
Understanding mechanisms of host plant resistance in sweetpotato is still evolving. Some early studies have suggested that a combination of nonpreference (antixenosis) and escape resistance (roots being inaccessible) could exist in some cultivars against sweetpotato weevil (Barlow and Rolston, 1981) . Other types of resistance mechanisms (antibiosis or tolerance) have been reported by various researchers in different sweetpotato cultivars (Mao et al., 2001) . Active resistance against african sweetpotato weevil has been identified in one African landrace and the chemical properties of its latex have largely supported this resistance mechanism (Stevenson et al., 2009 ). It appears that 'Murasaki-29' could have an active resistance mechanism against weevil species, because previous studies have shown resistance to oviposition and reduced reproduction of sweetpotato weevil (J. Chen, personal communication). In our studies, 'Murasaki-29' consistently performed better against both weevils based on lower incidence of weevil damage. Further studies are needed to fully understand the resistance mechanism against weevils among these cultivars. , 1974) . Total yields are the sum of fresh weight yields of marketable and off-grade. Grade AA storage roots had diameters between 1.75 and 3.25 inches, lengths between 3 and 9 inches, and fresh weights not more than 16 oz. Grade A storage roots had diameters between 1.75 and 3.75 inches, lengths between 3 and 10 inches, and fresh weights not more than 24 oz. Grade B storage roots had diameters not less than 1.75 inches, and fresh weights not more than 32 oz. Off-grade storage roots had diameters less than 1.75 inches, or fresh weights more than 32 oz. Error bars are SE. Means of fresh weights by category of cultivars within a cropping season were compared using a pairwise t test of least square means with a Bonferroni comparisons correction [P < 0.017 (Dunn, 1961) ]; 1 inch = 2.54 cm, 1 oz = 28.3495 g, 1 kgÁha L1 = 0.8922 lb/acre. For cultivars, means followed by the same letter are not different at P £ 0.05, as determined by Waller-Duncan k ratio test. For cultivars within a cropping season, means followed by the same letter are not different at P < 0.017, as determined by a pairwise t test of least-square means with a Bonferroni comparisons correction (Dunn, 1961) . DW = dry weight; TC = tissue-cultured, virus-tested. Fig. 3 . Sweetpotato cultivar LA 08-21p with tight clusters of storage roots that grow near the surface of the soil.
